In a series of human functional magnetic resonance imaging experiments, we systematically manipulated point-light stimuli to identify the contributions of the various areas implicated in biological motion processing (for review, see Giese and Poggio, 2003). The first experiment consisted of a 2 ϫ 2 factorial design with global shape and kinematics as factors. In two additional experiments, we investigated the contributions of local opponent motion, the complexity of the portrayed movement and a one-back task to the activation pattern. Experiment 1 revealed a clear separation between shape and motion processing, resulting in two branches of activation. A ventral region, extending from the lateral occipital sulcus to the posterior inferior temporal gyrus, showed a main effect of shape and its extension into the fusiform gyrus also an interaction. The dorsal region, including the posterior inferior temporal sulcus and the posterior superior temporal sulcus (pSTS), showed a main effect of kinematics together with an interaction. Region of interest analysis identified these interaction sites as the extrastriate and fusiform body areas (EBA and FBA). The local opponent motion cue yielded only little activation, limited to the ventral region (experiment 3). Our results suggest that the EBA and the FBA correspond to the initial stages in visual action analysis, in which the performed action is linked to the body of the actor. Moreover, experiment 2 indicates that the body areas are activated automatically even in the absence of a task, whereas other cortical areas like pSTS or frontal regions depend on the complexity of movements or task instructions for their activation.
Introduction
Perceiving the actions and intentions of conspecifics is of fundamental importance in our everyday life. As a result, the human visual system is tremendously sensitive to subtle details in human movements, even in highly impoverished stimuli such as pointlight walkers (for review, see Blake and Shiffrar, 2007) . These stimuli, initially developed by Johansson (1973) , convey human actions by presenting only a few points of light moving as if attached to the principal joints of the person. Functional magnetic resonance imaging (fMRI) experiments contrasting intact point-light walker with scrambled versions of the same animations, revealed activations in a number of areas inside and outside the visual pathway. Among these ( Fig. 1) , an area located in the posterior part of the superior temporal sulcus (pSTS) has been most consistently reported (Howard et al., 1996; Grossman et al., 2000; Grèzes et al., 2001; Vaina et al., 2001; Beauchamp et al., 2003; Saygin et al., 2004; Peuskens et al., 2005) . This has led to the conclusion that the posterior STS is the main area involved in the processing of articulated body movements (Vaina et al., 2001; Beauchamp et al., 2002; Grossman and Blake, 2002) . However, this area has also been implicated in social perception and the perception of intentional actions (Castelli et al., 2000; Grèzes et al., 2004; Pelphrey et al., 2004; Schultz et al., 2004) . Saxe et al. (2004) have even speculated that the differential responses to biological motion (BM) observed in the pSTS might reflect an epiphenomenon given the fact that several point-light stimuli portrayed intentional actions.
More recently, the extrastriate and fusiform body areas (EBA and FBA) have been shown to be involved in the processing of biological motion. Peelen et al. (2006) proposed that, in contrast to the pSTS, these areas would respond to the presence of the body form in the point-light displays, ignoring the patterns of changing posture during biological actions. Yet the EBA mostly overlaps with the human MT complex, an area strongly involved in motion processing (Downing et al., 2001) .
A third question concerns the cues used to extract biological motion from point-light displays. In a theoretical model by Giese and Poggio (2003) , biological motion recognition is based on the integration of shape and motion cues processed in two separate streams. In contrast, a different model by Lange and Lappe (2006) proposes that solely shape information is needed to achieve perfect recognition. Moreover, little is known about a third cue, local opponent motion, the main motion feature shared by fully illuminated and point-light versions of human walkers (Casile and Giese, 2005) .
To address these three questions, we performed a series of three fMRI experiments. Experiment 1 was designed to separate the processing of the human form from the processing of the biological kinematics. Experiment 2, based on the same design, investigated the influence of action complexity and of an attentionally demanding one-back task. Experiment 3 investigated the role of the congruent movement of the points belonging to a single limb and of local opponent motion.
Materials and Methods

Participants
Twenty volunteers participated in experiment 1 (12 females and 8 males; mean age, 25 years; range, 20 -34 years). Of these 20 volunteers, 10 also participated in experiment 2 (6 females and 4 males; mean age, 26 years; range, 22-34 years) and 17 participated also in experiment 3 (9 females and 8 males; mean age, 26 years; range, 22-34 years), with 7 subjects common to all three experiments. All participants were righthanded, had normal or corrected-to-normal visual acuity, and no history of mental illness or neurological diseases. The study was approved by the Ethical Committee of the Katholieke Universiteit Leuven Medical School, and all volunteers gave their written informed consent in accordance with the Helsinki Declaration before the experiment.
Stimuli
The stimuli for the experiments were presented as point-light displays (Johansson, 1973) , 7.5°i n height, containing 12 white dots, 0.34°in diameter, presented against a black background (see Fig. 2 ). For the full biological motion condition, the dots moved according to the motion tracking data from the shoulders, elbows, wrists, hips, knees, and ankles of actual human actors. For all point-light stimuli, the actor moved along a line that was orthogonal to the view direction of the camera for one gait cycle. Additionally, the translation of the body center was cancelled by subtracting the translation of the hips in every frame. The resulting stimulus resembled a person performing the movement on a treadmill. A small red square (0.2°) was superimposed on all individual stimuli. This fixation dot was presented at the center of the display corresponding approximately to the position of the hips of the point-light walker.
The motion tracking data for the walking stimuli used in experiments 1, 2, and 3 were obtained from the following database: http://paco. psy.gla.ac.uk/data_csm.php. We chose the data from six different actors and presented them facing rightward and leftward (resulting in 12 different stimuli) during the experiments.
The motion tracking data for the complex actions used in experiment 2 were obtained from http://mocap.cs.cmu.edu/. To include a wide variety of different movements, we chose 12 different complex actions including various boxing movements, movements from aerobics, running, walking, kicking, lifting, and throwing movements. All 12 movements were presented facing leftward and rightward at random.
The experiments were set up using a 2 ϫ 2 factorial design. For experiments 1 and 2, the first factor manipulated the global shape (configuration) of the stimuli by spatially scrambling the starting position of each dot. The second factor modified the kinematics of the stimuli by changing the trajectory of each individual dot to simple translation (see Fig.   2 A). These two factors are very similar to the motion-defined structure and pure dynamics described by Troje (2002) . Conditions used were as follows: (1) full biological motion: original motion tracking data of walking or complex actions; (2) full translational motion: one frame of the original motion tracking data with maximum extensions of the limbs, translating horizontally or vertically; all dots translated with the same speed, equal to the average speed present in the original data; (3) scrambled biological motion: a constant random offset in horizontal and vertical direction was added to the original movement of each dot; the offset was chosen in such a way that dot density and extension of the stimulus was matched with the original data; (4) scrambled translational motion: a random offset in both the horizontal and vertical direction was added to one frame of the original stimulus. This frame was the same as that chosen for condition 2. One-half of the dots translated horizontally, whereas the other one-half translated vertically. The speed of each dot was the average speed of this dot in the original tracking data. Thus, in all four conditions, the global motion energy was matched.
In the third experiment, the first factor degraded the local opponent motion between the two dots representing the same joint on opposite limbs (e.g., the two wrist joints). The second factor modified partial configuration information, by spatially scrambling the starting position of the dots (see Fig. 2 B) . Conditions used were as follows: (1) full biological motion: original motion tracking data; (2) half biological motion: Figure 1 . Meta-analysis of studies investigating biological motion processing. Activated areas for the contrast full biological motion versus scrambled biological motion projected onto a rendered right hemisphere and the posterior part of the flattened cortical surface of the PALS atlas. Outlines of areas V1, V2, and V3 are based on a cytoarchitectonic study by Amunts et al. (2000) and functional imaging work by Press et al. (2001) . The colored symbols (see inset) indicate the stereotaxic position of the local maxima and their respective labels, as reported in the following studies: Grossman et al. (2000) , Grèzes et al. (2001) , Vaina et al. (2001) , Grossman and Blake (2002) , Beauchamp et al. (2003) , Santi et al. (2003) , Grossman et al. (2004) , Saygin et al. (2004) , Michels et al. (2005) , Peuskens et al. (2005) , Peelen et al. (2006) , and Pyles et al. (2007) . Colored voxels exceed the p Ͻ 0.001 uncorrected threshold (fixed-effects analysis) for the subtraction full compared with scrambled biological motion in experiment 2, in which subjects performed a one-back task on biological motion displays portraying complex actions. These conditions of our experiments are most similar to those of the previous studies quoted. Scale and anatomical axes are indicated. FFA, Fusiform face area; OTS, occipito-temporal sulcus.
points belonging to one side of the human body were presented twice next to each other and moving in phase; (3) local opponent motion: a random offset in the vertical direction was added to the trajectory of each dot of the motion tracking data; this offset was identical for the two dots belonging to the same joint on opposite limbs; (4) scrambled biological motion: identical with condition 3 in experiments 1 and 2.
Apparatus and procedure
The stimuli were projected with a liquid crystal display projector (Barco Reality 6400i; 1024 ϫ 768; 60 Hz refresh frequency; Barco) onto a translucent screen positioned in the bore of the magnet at a distance of 36 cm from the point of observation. Participants viewed the stimuli through a mirror tilted at 45°that was attached to the head coil. To reduce the amount of head motion during the scanning sessions, the participants were asked to bite an individually molded bite bar fixed on the scanner table. Throughout the scanning session, eye movements of the participants were recorded with an ASL eye tracking system 5000 (60 Hz; Applied Science Laboratories).
Before scanning, participants were familiarized with the different conditions outside the scanner and were instructed to maintain fixation on the red fixation dot throughout the experiment. A single time series (run) of the experiment included five different conditions (four stimulus conditions and one fixation condition) that were presented in blocks of 24 s. Within any given run, every condition was repeated twice giving rise to 15 blocks per time series, lasting 360 s overall. The order of the conditions was randomized for each run and counterbalanced across subjects. Every run started with the acquisition of four dummy volumes to assure that the magnetic resonance (MR) signal had reached its steady state.
During the presentation in the scanner, the position of the fixation dot remained constant across all stimuli, but the position of the point-light stimulus was randomly shifted within a range of Ϯ1.5°visual angle horizontally and vertically. The presentation of each stimulus was limited to one gait cycle, which lasted 1-1.5 s depending on the action presented. Every 2 s, a new stimulus was presented and the gap between two consecutive stimuli was filled with black frames. In this manner, 12 different movement stimuli were presented within one block.
In experiments 1 and 3, four time series were collected for all subjects. They were instructed to maintain passive fixation throughout the scan. Experiment 2 consisted of 16 time series per subject, which differed with respect to the stimuli used or the instructions given. Four time series contained walking movements, and the subjects were asked to maintain passive fixation (walking without task; identical with experiment 1). Another four series contained walking movements, but this time subjects were required to perform a one-back task, pressing a button each time the same stimulus was presented twice (walking with task). The stimuli used for the remaining eight runs were complex actions. In four of these runs, subjects maintained passive fixation (complex actions without task), whereas for the other four they performed a one-back task (complex actions with task). The order of the runs was randomized for each subject and counterbalanced across subjects.
In addition to the experimental runs, all subjects were tested with three different standard localizers to individually identify the location of human MT/V5 complex (hMT/V5ϩ), lateral occipital complex (LOC), and the kinetic occipital (KO) region. LOC was localized by contrasting grayscale images and line drawings of both familiar and nonfamiliar objects with their scrambled counterparts (Kourtzi and Kanwisher, 2000) in three time series. For subsequent region of interest (ROI) analysis, we selected the two runs displaying familiar objects. hMT/V5ϩ was localized by contrasting moving and static random dot texture pattern (Sunaert et al., 1999) in two time series. KO was localized by contrasting activation for motion-defined contours and transparent motion, as described by Van Oostende et al. (1997) , in two time series. In addition, in the 10 subjects who participated in both experiments 1 and 2, two additional time series were collected to localize the EBA and FBA. Following Downing et al. (2001) , these areas were localized by contrasting human bodies with chairs. The stimulus set can be obtained from http://www.bangor.ac.uk/ϳpss811/page7/page7.html.
Data collection
Scanning was performed with a 3T MR scanner (Intera; Philips Medical Systems) located at the University Hospital of Katholieke Universiteit Leuven. Functional images were acquired using gradient-echoplanar imaging with the following parameters: 50 horizontal slices (2.5 mm slice thickness; 0.25 mm gap), repetition time (TR), 3 s; time of echo (TE), 30 ms; flip angle, 90°; 80 ϫ 80 matrix with 2.5 ϫ 2.5 mm in-plane resolution, and SENSE reduction factor of 2. The 50 slices in one volume covered the entire brain from the cerebellum to the vertex. A three-dimensional high-resolution T1-weighted image covering the entire brain was acquired in one of the scanning sessions and used for anatomical reference (TE/TR, 4.6/9.7 ms; inversion time, 900 ms; slice thickness, 1.2 mm; 256 ϫ 256 matrix; 182 coronal slices; SENSE reduction factor, 2.5). A single scanning session lasted ϳ90 min.
Data analysis
Data analysis was performed using the SPM2 software package (Wellcome Department of Cognitive Neurology, London, UK) running under MATLAB (The Mathworks). The preprocessing steps involved the following: (1) realignment of the images, (2) coregistration of the anatomical image and the mean functional image, and (3) spatial normalization of all images to a standard stereotaxic space [Montreal Neurological Institute (MNI) ] with a voxel size of 2 ϫ 2 ϫ 2 mm. Before additional group analyses, the functional data were smoothed with an isotropic Gaussian kernel of 8 mm.
Statistical analysis of experiments 1 and 3
For every participant, the onset and duration of each condition was modeled by a general linear model (GLM). The design matrix was composed of five regressors modeling the five conditions plus six regressors obtained from the motion correction in the realignment process. The latter were included to account for voxel intensity variations caused by head movement. All regressors were convolved with the canonical hemodynamic response function. Subsequently, we calculated contrast images for each participant for the two main effects and the interaction. A second-level random-effects analysis was performed on the contrasts obtained from the first-level analyses (Holmes and Friston, 1998) . The resulting t score maps were thresholded at p Ͻ 0.05, corrected for multiple comparisons [false discovery rate (FDR), t Ͼ 5.12]. However, for visualization purposes, a more lenient threshold of p Ͻ 0.001, uncorrected for multiple comparisons, was applied, and the resulting activations were projected (enclosing voxel projection) onto the populationaverage, landmark-and surface-based (PALS) atlas surface (Van Essen, 2005) (http://sumsdb.wustl.edu:8081/sums/directory.do?id ϭ 636032) using the Caret software package (Van Essen et al., 2001) (http://brainvis.wustl.edu/wiki/index.php/Caret:About).
Statistical analysis of experiment 2
Given the large number of conditions in this experiment, only 10 representative subjects were scanned (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material). Statistical analysis proceeded along two separate lines: (1) a second-level random-effects analysis was performed on the contrasts obtained from the individual first-level analyses of the 10 subjects (as in experiments 1 and 3); (2) the data of the 10 subjects were analyzed only on the first level by applying a fixed-effect model combining all subjects. Otherwise, the modeling of the conditions was identical with the other experiments. Even though we applied two separate analyses, the resulting t score maps (thresholded at p Ͻ 0. 
Definition of ROIs for the group
For the hMT/V5ϩ, LOC, and KO localizers, random-effect analysis was performed, whereas a fixed-effect analysis was applied for the EBA/FBA localizer obtained in the 10 subjects. The resulting t score maps were thresholded at p Ͻ 0.0001, uncorrected for multiple comparisons.
Definition of ROIs for the individual subjects
Several studies have reported substantial overlap between area hMT/ V5ϩ and the extrastriate body area and between the LO complex and the fusiform body area (Downing et al., 2001; Peelen et al., 2006; Spiridon et al., 2006) . To investigate whether the main effects and the interaction described for experiment 1 are related to activation of hMT/V5ϩ or the EBA, or of mid-fusiform gyrus (FG)/LOa or the FBA, respectively, we performed an ROI analysis for each subject individually on the nonsmoothed data, separately for the two hemispheres.
Allocation of voxels to either hMT/V5ϩ or EBA. We defined a common local maximum for hMT/V5ϩ and EBA by creating a GLM containing both the two hMT/V5ϩ localizer runs and the two EBA/FBA localizer runs for each subject individually. This GLM was used to contrast the average of moving dot patterns and human bodies with the average of static dot patterns and chairs. From this contrast, we identified the local maximum in the posterior part of the inferior temporal sulcus (pITS)/ posterior part of the inferior temporal gyrus (pITG) in the right hemisphere. Subsequently, we defined a region of 30 ϫ 30 ϫ 30 mm cube around this local maximum. From this regions, all voxels significantly activated ( p Ͻ 0.0001, uncorrected) by the hMT/V5ϩ localizer runs alone were defined as the hMT/V5ϩ ROI, and all voxels significantly activated ( p Ͻ 0.0001, uncorrected) by the EBA/FBA localizer runs alone were defined as the EBA ROI (supplemental Fig. 2 , available at www. jneurosci.org as supplemental material). This analysis guarantied a maximal separation between hMT/V5ϩ and EBA because it excluded all voxels commonly activated by both localizers. The average number of voxels included in the EBA ROI was 94, and that of the hMT/V5ϩ ROI was 104. The number of commonly activated and therefore excluded voxels at this threshold was 34. Afterward, we computed the percentage MR signal change by separately averaging the voxels contained in the two ROIs (see Figs. 5B, 8; supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). The left EBA and hMT/V5ϩ were defined in the same way, resulting on average in 99 voxels for the EBA, 86 voxels for hMT/V5ϩ and 16 commonly activated voxels. To assure that the effects do not depend on the threshold used, we also conducted the same analysis with a threshold of p Ͻ 0.001, uncorrected, and p Ͻ 0.00001, uncorrected (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material).
Allocation of voxels to either mid-FG/LOa or FBA.
Along the same lines, we first defined a common local maximum for mid-FG/LOa and FBA by computing a new GLM, contrasting activation for familiar intact shapes and bodies with activation for scrambled shapes and chairs. Next, we defined a region of 30 ϫ 30 ϫ 30 mm cube around this local maximum. From this region, all voxels significantly activated ( p Ͻ 0.0001, uncorrected) by the LO localizer runs alone were defined as the mid-FG/LOa ROI, and all voxels significantly activated ( p Ͻ 0.0001, uncorrected) by the EBA/FBA localizer runs alone were defined as the FBA ROI. The average number of voxels included in the FBA ROI of the right hemisphere was 75, and that of the mid-FG/LOa ROI was 224. The number of commonly activated and therefore excluded voxels at this threshold was 20. Even though the number of voxels for the mid-FG/LOa ROI was larger than that of the FBA ROI, supplemental Figure 4 (available at www.jneurosci.org as supplemental material) shows that the relative differences in activation between the conditions is not affected by the number of voxels used to define the ROI. Afterward, we computed the percentage MR signal change by separately averaging the voxels contained in the two ROIs (see Figs. 5B, 8; supplemental Fig. 3 , available at www. jneurosci.org as supplemental material). As we did not obtain a significant interaction in the left fusiform gyrus (Table 1) and previous studies have shown no or only weak activation in response to human bodies in the left fusiform cortex (Peelen and Downing, 2005; Taylor et al., 2007; Hodzic et al., 2009 ), we did not define FBA and mid-FG/LOa in the left hemisphere.
Activity profiles
For all experiments, the activity profiles were first computed for each subject individually and subsequently averaged across subjects. They represent the percentage MR signal change relative to fixation baseline in the different conditions. Whenever the analysis was based on a local maximum of the group, they are computed by averaging the response of the 27 voxels surrounding the local maxima on spatially smoothed data. In the special case of an ROI analysis (see Figs. 5B, 8; supplemental Fig. 3 , available at www.jneurosci.org as supplemental material), they are generated by averaging the response of all voxels included in the ROI using the nonsmoothed data. 
Results
Experiment 1
Experiment 1 was designed to assess the contribution of shape and motion cues in the processing of point-light walker displays. To this end, we used a 2 ϫ 2 factorial design, with the factors configuration and kinematics (Fig. 2 A) . The configuration factor manipulated the global shape of the stimuli by spatially scrambling the starting position of each dot. The kinematics factor modified the kinematics of the stimuli by changing the trajectory of each individual dot to simple translation. On average, subjects made 4.5 saccades per block (SD, 0.25), and there were no significant differences between the experimental conditions (F (3,57) ϭ 2.2; p ϭ 0.10). Subsequent debriefing of the subjects confirmed that all of them were aware of the manipulations in the different conditions and in particular that the full translational motion condition was perceived as portraying a human body. Figure 3 presents the results of a random-effects analysis over 20 subjects. The main effect of configuration contrasts full biological and translational motion with their scrambled counterparts. The main effect of kinematics contrasts the full and scrambled biological motion to their translational counterparts. Finally, the interaction contrasts the difference between full and scrambled biological motion against the same difference for translational motion. Even at the lenient threshold of p Ͻ 0.001, uncorrected, used for illustration purposes, activation for the two main effects, as well as for their interaction was limited to occipito-temporal regions. This interaction can be formulated in two ways, either resulting in positive signs for the full biological motion and the scrambled translational motion conditions, or with positive signs for the full translational motion and the scrambled biological motion conditions. When we use the term "interaction," we refer to the former which activates occipito-temporal regions (Fig. 3C) . The opposite interaction resulted only in a small activation in left posterior inferior parietal lobule (Ϫ36, Ϫ48, 62; t ϭ 4.4), outside the areas involved in the processing of biological motion.
Moreover, the extent of the activations in the right hemisphere exceeded those of the left hemisphere (Fig. 3A-C) . This asymmetry has been previously reported in several other studies investigating fMRI activation for point-light walkers (Grossman et al., 2000; Peuskens et al., 2005; Peelen et al., 2006; Pyles et al., 2007) . Therefore, our subsequent analysis focused on the right hemisphere. However, whenever applicable, results for the left hemisphere will be presented at the end of each section.
The local maxima in the right hemisphere for the main effects and their interaction are listed in Table 1 indicating their location in MNI space and t score. All six local maxima reached significance at corrected level (FDR), except for site 6, which was only marginally significant. It should be noted that, since interactions are based on a difference of differences, they incorporate the sum of two variances into their statistics; thus, a lower significance level is acceptable when using t scores for these effects. Figure 3D shows the activation pattern ( p Ͻ 0.001, uncorrected) for the main effect of configuration in green, the main effect of kinematics in red, and their interaction in blue superimposed onto the flattened right hemisphere of the PALS atlas. The main effect of configuration (sites 1-3) resulted in activation of posterior and ventral areas along the lateral occipital sulcus (LOS), the pITG, and the FG. In contrast, the main effect of kinematics and the interaction (sites 4 and 5) yielded activation in areas located more rostrally and dorsally in the pITS. In addition, a marginally significant interaction site was also present in the fusiform gyrus (site 6).
Activity profiles for the six individual local maxima are presented in Figure 4 A. fMRI activations for the different conditions are expressed as percentage MR signal change from fixation base- The values in the motion and shape columns correspond to the t scores for the motion (hMT/V5ϩ) and the two-dimensional shape (LOC) localizer, respectively, in the specific location. Italics indicate the corresponding location of the local maxima on the left hemisphere. Bold t scores indicate p Ͻ 0.05, FDR corrected for the random-effect analysis (experiments 1 and 3) and FWE corrected for the fixed-effect analysis (experiment 2). Standard font indicates p Ͻ 0.001, uncorrected. ITS, Inferior temporal sulcus; ITG, inferior temporal gyrus; FG, fusiform gyrus; MTG, middle temporal gyrus; STS, superior temporal sulcus; STG, superior temporal gyrus; vPrCS, ventral precentral sulcus; IFG, inferior frontal gyrus; Post., posterior; Exp., t scores of the respective experiments 1-3.
line. In the first two conditions (orange and red), the factor configuration is positive, and in conditions 1 and 3 (orange and yellow), the kinematics factor is positive. Sites 1-3 show a clear main effect of configuration. Most importantly, activation for the full translational motion condition is very similar or even equal to the activation for the full biological motion condition, indicating that these conditions were similarly effective in driving shapesensitive regions in the human brain. Site 4 shows a weak but significant effect of kinematics, in addition to an interaction reflecting the proximity of site 5. To verify the consistency of the main effect of kinematics, we analyzed the main effect in each of the 20 subjects. We were able to identify site 4 in all subjects (within a cube of 10 ϫ 10 ϫ 10 mm; p Ͻ 0.001) and subsequent averaging of the percentage MR signal change over all subjects resulted in an enhanced difference between the biological and translational conditions (supplemental Fig. 5A , available at www.jneurosci.org as supplemental material). Moreover, analysis of the independently scanned runs of experiment 2 for site 4 identified in experiment 1 confirmed the presence of a significant main effect of kinematics (supplemental Fig. 5B , available at www.jneurosci.org as supplemental material).
The last two profiles (5 and 6) refer to the two interaction sites and clearly indicate that the interaction is attributable to stronger MR activity in the full biological condition compared with the three other conditions.
Since the same data were used to identify the local maxima and to plot the activity profiles in Figure 4 A, we confirmed the reported effects by a split-half analysis of the data. Figure 4 B plots the percentage MR signal change for the even runs at the local maxima independently identified from a random-effects analysis containing only data from the odd runs. Statistical analysis confirmed that the described effects are still valid (sites 1-3 main effect of configuration: F (1,19) ϭ 8.7, p Ͻ 0.01; F (1,19) ϭ 7.6, p Ͻ 0.05; F (1,19) ϭ 11.4, p Ͻ 0.001; site 4 main effect of kinematics: F (1,19) ϭ 18.1, p Ͻ 0.001; sites 5-6 interaction: F (1,19) ϭ 8.9, p Ͻ 0.01; F (1,19) ϭ 5.4, p Ͻ 0.05). In addition, the effects do not depend on the number of voxels averaged to generate the profiles (supplemental Fig. 6 , available at www.jneurosci.org as supplemental material).
As a result of this experiment, we could identify two different processing streams, a dorsal one for the analysis of the kinematics information and a ventral one for the analysis of the shape information. Moreover, we discovered two regions showing strongest selectivity for intact point-light walker: the two interaction sites. The first site was located in the pITS (5), whereas the second one was located in the fusiform gyrus (6). In the following step, we investigated whether it would be possible to attribute these re- gions to a functionally defined area. In all subjects, we had the motion and shape localizer data. Given the proximity of the interaction sites to the EBA and FBA, and given that the EBA and the FBA have been implicated in biological motion processing (Peelen et al., 2006) , we rescanned 10 representative subjects with an EBA/FBA localizer (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material). This allowed us to functionally define areas EBA and FBA in each subject, in addition to hMT/V5ϩ and LOC. For the LOC, we follow the subdivision in an anterior (LOa) and a posterior (LO) part located in the mid-FG and pITG, respectively (Kourtzi and Kanwisher, 2000; Denys et al., 2004) . Figure 5A displays the location of the two local maxima for the interaction with respect to the mean local maxima of areas hMT/V5ϩ, mid-FG/LOa, EBA, and FBA calculated over the 10 subjects. It has been shown previously that hMT/V5ϩ and EBA as well as mid-FG/LOa and FBA occupy overlapping regions in posterior ITS/ ITG and the fusiform gyrus, respectively (Downing et al., 2001; Peelen et al., 2006) . To be able to attribute the different main effects and the interaction to a functionally defined area, we generated ROIs for each subject individually for areas hMT/V5ϩ, mid-FG/LOa, EBA, and FBA on nonsmoothed data. The ROIs were completely separated, ensuring that no single voxel was attributed to two different ROIs (see Materials and Methods).
Figure 5B shows the activity profiles for the four ROIs of the right hemisphere averaged over subjects. It can clearly be seen that the two body areas carry the interaction effect, whereas area hMT/V5ϩ also shows an enhanced effect of kinematics and area mid-FG/LOa, an enhanced effect of configuration. This observation is also supported by statistical analysis (Table 2) . Even though repeated-measures ANOVAs indicate that all areas show a significant interaction (EBA: F (1,9) ϭ 47.3, p Ͻ 0.001; hMT/V5ϩ: F (1,9) ϭ 15.7, p Ͻ 0.01; FBA: F (1,9) ϭ 11.1, p Ͻ 0.01; mid-FG/LOa: F (1,9) ϭ 8.4, p Ͻ 0.05), comparisons across areas reveal a stronger interaction between configuration and kinematics cues in areas EBA and FBA, compared with areas hMT/ V5ϩ and mid-FG/LOa. This was tested using a three-way ANOVA with area as additional factor. Contrast analysis within this ANOVA revealed that the difference between the two conditions with biological kinematics (full biological motion and scrambled biological motion) was significantly larger in area EBA compared with area hMT/V5ϩ (F (1,9) ϭ 9.5; p Ͻ 0.05), and the difference between the two conditions showing the full walker (full biological motion and full translational motion) was significantly larger in FBA compared with mid-FG/LOa (F (1,9) ϭ 5.3; p Ͻ 0.05).
The analysis of the left hemisphere was limited to the EBA and Figure 3D . fMRI activation is represented as percentage MR signal change from fixation baseline (Ϯ SEM) averaged over the 27 voxels surrounding the local maximum and plotted for the four conditions, as indicated. Numbers correspond to those in Figure 3D . B, Split-half analysis of the data. The six local maxima were defined from a random-effects analysis containing only the odd runs of experiment 1. The coordinates of these local maxima (indicated) were then used to plot the activity profiles by considering only the data of the even runs. Figure 5 . ROI analysis. A, Activations for the main effects and the interaction projected onto a flattened right hemisphere of the PALS atlas (same color code as in Fig. 3D ). The symbols indicate the position (group analysis) of the human MT/V5 complex (48, Ϫ72, Ϫ4), the EBA (52, Ϫ70, Ϫ4), the FBA (42, Ϫ42, Ϫ26), the mid-FG/LOa (36, Ϫ38, Ϫ24), and the two local maxima of the interaction in experiment 1. B, Activity profiles for the four ROIs computed on nonsmoothed data and averaged (Ϯ SEM) over subjects. Detailed statistics are shown in Table 2 .
hMT/V5ϩ ROIs, because we did not obtain a significant interaction in the left fusiform gyrus (Table 1) . This is in agreement with studies showing no or only weak activation in response to human bodies in the left fusiform cortex (Peelen and Downing, 2005; Taylor et al., 2007; Hodzic et al., 2009) . Although the left EBA showed, like the right hemisphere, a significant interaction between shape and kinematics (F (1,9) ϭ 6.5; p Ͻ 0.05), the interaction in the left hMT/V5ϩ was not significant (F (1,9) ϭ 2.5; p ϭ 0.15). However, the left hMT/V5ϩ showed a significant main effect of kinematics similar to the right hemisphere (F (1,9) ϭ 16.3; p Ͻ 0.01).
Given these results, we can conclude that the shape and kinematics cues present in biological motion displays are essentially processed in two separate streams. Furthermore, the two streams are integrated at the level of the extrastriate body area and the fusiform body area, which thus represent the endpoints of these streams in the occipito-temporal cortex. At this level, the complete action information is linked to the representation of the human body.
Experiment 2: whole-brain analysis
Interestingly, significant activation in experiment 1 was limited to occipital and ventral temporal areas, but did not extend into the posterior part of the middle temporal gyrus (pMTG) or the pSTS, areas that have been widely associated with the processing of point-light stimuli (Grossman et al., 2000; Vaina et al., 2001; Pelphrey et al., 2003b; Saygin et al., 2004; Peuskens et al., 2005) . Our experiment differed in two important aspects from most other fMRI studies of biological motion. First, the actions presented were limited to walking movements, whereas other studies have used a variety of different movements. The second difference was that here the subjects were instructed to passively fixate the stimuli, whereas other studies have used a task to engage the subject's attention. Therefore, in the second experiment, we tested in 10 representative subjects the possibility that the lack of activation in the pMTG/pSTS region could be related to one of these two factors.
The conditions of the experiment were identical with those used in experiment 1, but the actions presented and the instructions given differed between runs in a 2 ϫ 2 manner, resulting in a nested factorial design (Fig. 2C) . The first factor modified the complexity of the stimuli. That is, in one-half of the runs, only walking stimuli were used, identical with those of experiment 1, whereas the other one-half comprised 12 different actions such as aerobics movements, boxing, throwing, and kicking. The second factor modified the instructions given. In one-half of the runs, subjects were instructed to maintain passive fixation, whereas in the other one-half, they performed a one-back task. Performance in the one-back task was on average 83% correct responses (Ϯ3%) and did not differ significantly between conditions (F (3,27) ϭ 1.8; p ϭ 0.16). On average, subjects made 5.2 saccades per block (SD, 0.32) with no significant differences between the experimental conditions (F (3,36) ϭ 1.7; p ϭ 0.21). Analyzing the eye movements separately comparing runs with and without the task yielded no significant differences, nor did a comparison between runs showing complex movements and runs presenting walking stimuli. Figure 6 shows the results of a fixed-effect analysis (large renderings) and the results of the random-effect analysis (small renderings) over the 10 subjects for the metafactor complexity. The purple regions indicate areas in which the main effect of kinematics is significantly ( p Ͻ 0.05, FWE corrected, for the fixed-effect model, and p Ͻ 0.01, uncorrected, for the random-effect model) stronger for complex actions than for walking, independently of the task performed. It can clearly be seen that both analyses result in very similar activation patterns. In both hemispheres, the activation extends into the pMTG, and even to the posterior superior temporal gyrus (pSTG) ( Table 1; supplemental Table 1 , available at www.jneurosci.org as supplemental material). Figure  6 B plots the activity profiles of two local maxima in the right hemisphere: one in the pITS (site 7) at a location almost identical with the location of the local maximum for the main effect of kinematics in experiment 1 (Table 1) and one in the pSTG (site 8). The activity profiles for the four conditions of the basic design are plotted separately for the two levels of the metafactor complexity: complex actions and simple walking, averaged across the metafactor task. The contrast superimposed on the rendered brain in Figure 6 A is as follows: (a ϩ b) Ϫ (c ϩ d), where a and c are the difference between full biological motion and full translational motion, and b and d the difference between scrambled biological motion and scrambled translational motion at the two levels of the metafactor complexity (Fig. 6 B) . It is worth noting that, in pITS, but not in pSTG, the interaction between shape and motion was significant for both levels of the metafactor complexity (pITS: complex actions, F (1,9) ϭ 28.1, p Ͻ 0.001; walking, F (1,9)
Table 2. Statistical analysis and the corresponding p values of experiments 1 and 2 for the four different ROIs
Statistics were performed either as two-way ANOVAs to identify significant effects in a single ROI or as three-way ANOVAs comparing activations across areas (EBA vs hMT/V5ϩ or FBA vs mid-FG/LOa). Significant effects are color coded in green. Nonsignificant effects are color coded in red. The yellow cells indicate that the three-way interaction was not significant but that the difference between the two conditions showing biological kinematics (full biological vs scrambled biological) was significantly larger in area EBA compared with hMT/V5ϩ or that the difference between the two conditions showing the full body (full biological vs full translational) was significantly larger in area FBA compared with the mid-FG/LOa. ϭ 27.3, p Ͻ 0.001; pSTG: complex actions, F (1,9) ϭ 0.1, p ϭ 0.93; walking, F (1,9) ϭ 0.3, p ϭ 0.59). We observed no significant difference in the main effect of configuration nor in the interaction between the runs containing complex stimuli and the runs presenting walking stimuli. Similar to the results of the complexity analysis, we obtained a significant difference between runs with and without task, independent of complexity only for the main effect of kinematics and not for the main effect of configuration or the interaction. The differences between runs in which subjects performed a one-back task compared with runs in which they passively fixated the stimuli are presented in Figure 7A (large rendering, fixed-effect model; small rendering, random-effects model). The yellow regions highlight areas that show a significantly stronger main effect of kinematics ( p Ͻ 0.05, FWE corrected, for the fixed-effect model, and p Ͻ 0.01, uncorrected, for the random-effect model) in runs with task, compared with runs without task, independently of complexity. Areas activated include the posterior MTG/STS and the posterior inferior frontal sulcus (pIFS) bilaterally, and the ventral precentral sulcus (vPrS) and the posterior inferior frontal gyrus (pIFG) in the right hemisphere (Table 1; supplemental  Table 1 , available at www.jneurosci.org as supplemental material). The latter activations correspond closely to the frontal areas activated in a biological motion study by Saygin et al. (2004) . It is worth noting that the activation at the local maximum for the main effect of kinematics identified in experiment 1 again shows a main effect of kinematics. However, this main effect is similar for the active and passive runs (supplemental Fig. 5B , available at www. jneurosci.org as supplemental material) and therefore does not show up in the meta-analysis (Fig. 7A) . Figure 7B shows the activity profiles of two local maxima (sites 10, pMTG/STS, and 11, IFS) in the right hemisphere. In a manner analogous to Figure 6 , the MR activities for the four basic conditions are plotted for the two levels of the metafactor task, averaged across the factor complexity. The contrast shown in Figure 7A is as follows: (a ϩ b) Ϫ (c ϩ d). Activity in the IFS (site 11) is representative of all frontal regions. Interestingly, contrast analysis revealed significantly stronger fMRI responses for intact compared with scrambled point-light stimuli, both presented with biological kinematics, in the pMTG/STS site (pMTG/ STS: task, F (1,9) ϭ 7.2, p Ͻ 0.05; no task, F (1,9) ϭ 4.9, p Ͻ 0.05), whereas the reverse, or no effect, was observed in the frontal sites (IFS: task, F (1,9) ϭ 7.8, p Ͻ 0.05; no task, F (1,9) ϭ 0.5, p ϭ 0.51).
EBA hMT/ V5+
Even though activations in the pMTG/ STS region (site 10) may seem low, it is important to note that pSTS activation reported in other studies on biological motion is generally computed within ROIs localized beforehand for each subject individually. In this whole-brain analysis, we computed a fixed-effect model and a random-effects model combining the data from all our subjects. Therefore, the local maximum gives the location for the highest significance over all subjects, which might not necessarily be the most optimal location for each individual subject. Moreover, activation levels reported here are significantly different from zero (full BM, task: t (1,9) ϭ 3.6, p Ͻ 0.01) and in the range or even higher compared with other fixed-effect studies on biological motion (Peuskens et al., 2005) . The same was true for the pSTG region (site 8, full BM, complex actions: t (1,9) ϭ 2.9, p Ͻ 0.05).
Together, the results of the whole-brain analysis of experiment 2 indicate that the posterior parts of the MTG, and neighboring STS and the STG, are involved in the processing of the biological kinematics portrayed in a point-light walker. Their activation increases when the stimuli become more complex and/or when the subject performs a task with the stimuli. All these conditions require a more detailed processing of the trajectories of the points. In addition, prefrontal areas are recruited when discrimination between similar biological trajectories must be performed. Even though frontal areas were strongly involved in the processing of biological kinematics when subjects had to respond to a one-back task (Saygin et al., 2004) , we observed no Table 1 . The MR activity is plotted for the four conditions of the basic design for the two levels of complexity. The contrast shown in A corresponds to (a ϩ b) Ϫ (c ϩ d) , where a and c are the difference between the full biological motion condition and the full translational motion condition, and b and d are the difference between the scrambled biological motion condition and the scrambled translational condition at the two complexity levels.
preference for the intact point-light walker compared with their scrambled versions, in agreement with Pyles et al. (2007) .
Experiment 2: ROI analysis
In addition to a whole-brain analysis, we also analyzed the activation separately for the four ROIs defined for experiment 1 (EBA, hMT/V5ϩ, FBA, and mid-FG/LOa) in the right hemisphere (supplemental Fig.  2 , available at www.jneurosci.org as supplemental material). As experiment 2 introduced only two additional metafactors (task and complexity), but was still based on the same conditions as experiment 1, we could investigate how theses additional factors would influence the activity profiles compared with experiment 1. Figure 8 illustrates the activity profiles of the four different ROIs for the four different types of runs. Most importantly, the activity profiles for the runs displaying only walking stimuli without task (Fig. 8 A-D , upper left panels) are almost identical with the activity profiles of experiment 1 (Fig. 5B) . As these runs contain the identical stimuli with the identical instructions as in experiment 1 but with the difference that these experiments were performed on different days, the new results are a completely independent confirmation of the findings of experiment 1. This observation is supported by the statistical analysis in Table 2 .
The other runs differed either in one or two aspects from the runs presented in experiment 1. Interestingly, the main finding of experiment 1, that the two body areas integrate shape and kinematics information to a larger extent than areas hMT/V5ϩ and mid-FG/LOa was also evident in all the three other types of runs of experiment 2. This was confirmed using a three-way ANOVA with the following factors: area (EBA and hMT/V5ϩ, or FBA and mid-FG/LOa), configuration, and kinematics. In the case of the EBA and hMT/V5ϩ, we obtained either a significant threeway interaction (complex actions without task: F (1,9) ϭ 6.1, p Ͻ 0.05), or contrast analyses, testing for specific differences between parts of the three-way ANOVA, revealed that the difference between the two conditions with biological kinematics (full biological motion and scrambled biological motion) was significantly larger in area EBA compared with area hMT/V5ϩ (walking with task: F (1,9) ϭ 10.7, p Ͻ 0.001; complex actions with task: F (1,9) ϭ 7.9, p Ͻ 0.05). In the case of the FBA and mid-FG/LOa, we obtained a significant three-way interaction for the runs showing complex actions with task (F (1,9) ϭ 24.1; p Ͻ 0.001) and a significantly larger difference between the two conditions showing the full walker (full biological motion and full translational motion) in FBA compared with mid-FG/LOa for the runs presenting walking with task (F (1,9) ϭ 5.2; p Ͻ 0.05) and complex actions without task (F (1,9) ϭ 5.7; p Ͻ 0.05).
Comparing the activity profiles over all four different runs across the EBA/hMT/V5ϩ pair revealed an influence of the metafactors task and complexity that differed between areas. A fiveway repeated-measures ANOVA with the factors: area, task, complexity, configuration, and kinematics showed a significant three-way interaction between area, task, and kinematics (F (1,9) ϭ 5.4; p Ͻ 0.05) and between area, complexity, and kinematics (F (1,9) ϭ 5.2; p Ͻ 0.05). That means that both metafactors enhance the main effect of kinematics in area EBA significantly stronger than in area hMT/V5ϩ. A similar ANOVA comparing activations across FBA and mid-FG/LOa revealed only a significant two-way interaction between the metafactor complexity and kinematics (F (1,9) ϭ 11.9; p Ͻ 0.01), but no difference between the areas (no three-way interaction between area, complexity, and kinematics: F (1,9) ϭ 3.6, p ϭ 0.09). In contrast to areas EBA and hMT/V5ϩ, the metafactor of task did not lead to any significant interactions (no two-way interaction between task and kinematics: F (1,9) ϭ 2.6, p ϭ 0.14).
Together, the ROI analysis of experiment 2 confirmed the results of experiment 1 in two main aspects: (1) analysis of an independent data set replicated the findings of experiment 1 and (2) in all runs of experiment 2, we observed significantly stronger integration of shape and kinematics in the body areas compared with hMT/V5ϩ and mid-FG/LOa, respectively. In addition, we found that the engagement in a task, as well as the complexity of the movement pattern, affected the processing of the kinematics in EBA more strongly than in hMT/V5ϩ, whereas the metafactor complexity affected the processing of kinematics in FBA and mid-FG/LOa similarly in the two areas. 
Experiment 3
In experiment 3, we investigated the role of two additional factors in biological motion processing. The first factor modified the amount of local opponent motion present in the stimuli, by altering the relationship between the two dots belonging to the same joint on opposite limbs (e.g., the two wrist joints). Indeed, computational results show that local opponent motion is the main motion feature that is shared by fully illuminated and point-light versions of human walkers and psychophysical evidence suggests that relative limb motion is highly relevant for the recognition of human locomotion. This suggested that the ease with which humans generalize from full body actions to pointlight walker might rely mostly on local opponent motion (Casile and Giese, 2005) . The second factor in the design of experiment 3 modified partial configuration information by degrading the specific relationship between points belonging to the same limb (Fig. 2 B) . On average, subjects made 4.6 saccades per block (SD, 0.22), and no significant differences were observed between the experimental conditions (F (3,48) ϭ 2.0; p ϭ 0.12).
The results of the random-effects analysis of the third experiment are displayed in Figure 9 and listed in Table 1 . The main effect of partial configuration contrasts the full and half biological motion conditions to the local opponent and scrambled biological motion conditions. The main effect of local opponency contrasts the full biological and local opponent motion conditions to the half biological and scrambled biological motion conditions, whereas the interaction compares the difference between full and half biological motion to that between local opponent and scrambled biological motion. Figure 9 , A and B, shows regions activated ( p Ͻ 0.001, uncorrected) by the main effect of partial configuration indicated by light green, and by the main effect of local opponency, in burgundy, superimposed on a rendered brain and the flattened right hemisphere of the PALS atlas, respectively. As expected, the main effect of partial configuration activated a subset of the areas activated by the main effect of configuration in experiment 1 (green outline) in the lateral occipital sulcus and the fusiform gyrus. However, activation reached significance only in posterior LOS/middle occipital gyrus (MOG) sites and in the FG (Table 1) . Despite its large perceptual effect (Casile and Giese, 2005) , the main effect of opponency resulted in very limited activations in the ventral temporal cortex with only one local maxima reaching significance at corrected level (FDR) in the fusiform gyrus. Yet this activation was present bilaterally. No significant activation ( p Ͻ 0.001, uncorrected) was observed for the interaction, independent of the direction of the interaction. The activity profiles of the four local maxima in the right hemisphere reaching significance at corrected level (FDR) are shown in Figure 9C . Similar, but generally weaker results were also present in the left hemisphere (Table 1) .
The KO area has been shown to be involved in the processing of kinetic boundaries (Dupont et al., 1997; Van Oostende et al., 1997) . However, a number of imaging studies investigating bio- Table 2 . logical motion processing have also shown activation of area KO (Grossman et al., 2000; Grèzes et al., 2001; Vaina et al., 2001; Santi et al., 2003; Michels et al., 2005) . One possible role for area KO in the processing of biological motion might be the extraction of local opponent motion conveyed by the same joints on opposite limbs.
To investigate the role that area KO plays in the extraction of local opponent motion, all subjects who participated in experiment 3 were also scanned with an additional KO localizer. Figure  9B shows the outline of area KO in light blue (local maximum at 36 -90 4). Interestingly, the main effect of opponency did not reach significance within this outline and the more lenient p Ͻ 0.001 level reveals only a few activated voxels. In a more detailed analysis, we defined the local maximum for area KO in each subject individually and extracted the average activation of the 27 voxels surrounding the local maximum. This individual subject analysis also did not reveal a significant main effect of opponency in area KO (F (1, 16) ϭ 2.3; p ϭ 0.15). This result supports the notion that activation in area KO critically depends on the presence of kinetic boundaries in the stimulus and not simply on the presence of dots moving in opposite directions (Van Oostende et al., 1997) . Local opponent motion might be a dominant feature in displays of locomotion but is far less so in displays of other more complex actions. This might explain why we did not find strong evidence for a special neural machinery devoted to the processing of local opponent motion in point-light displays.
The analysis of the four ROIs (EBA, hMT/V5ϩ, FBA, and mid-FG/LOa) is presented in supplemental Figure 2 (available at www.jneurosci.org as supplemental material). As only 7 of the 10 subjects who were scanned with all localizers participated in experiment 3, the activity profiles and the statistics were based on 7 subjects. A repeated-measures ANOVA showed a main effect of local opponency in area mid-FG/LOa; however, we did not obtain any significant interaction between area and local opponency. All other effects did not reach significance (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material).
Together, the main result of experiment 3 is that the opponent motion present in point-light displays is represented in the fusiform gyrus, in close proximity to the representation of configural information, and not in more posterior areas such as area KO. However, the effect is weak compared with the effects of global shape and kinematics tested in experiment 1 and 2. Although no interaction was observed in experiment 3, the overlap of the two main effects suggests a linear integration of the cues.
Discussion
Our results show that the configuration of the human body and its kinematics are processed in two separate streams in agreement with the theoretical model by Giese and Poggio (2003) . However, both cues are integrated at an early level in occipito-temporal cortex, in areas EBA and FBA, known to be involved in the processing of the human body (Downing et al., 2001; Peelen and Downing, 2005; Schwarzlose et al., 2005) . Interestingly, processing in these two areas seems to be mostly automatic. In contrast, posterior superior temporal cortex and frontal areas show an enhanced activation by biological kinematics when the portrayed movements become more complex, or when subjects are involved in a one-back task. Finally, the third cue, local opponent motion, yielded only a restricted activation in human visual cortex, compared with configuration and kinematics.
The body areas
Many functional imaging studies investigating the processing of biological motion have reported a network of activated cortical areas (Fig. 1) . Among these, three areas have been reported most consistently: the posterior ITS, the posterior FG, and the poste- Table 1 . The colored outlines indicate the location (group analysis) of the KO area (blue), the hMT/V5ϩ (orange), the LOC (brown), and the main effect of configuration obtained from experiment 1 (Config. Exp 1; green). C, Activity profiles (Ϯ SEM) for the four local maxima indicated in B. Scr., Scrambled.
rior STS (Grossman and Blake, 2002; Michels et al., 2005; Peuskens et al., 2005) . In agreement with Peelen et al. (2006) , our study supports the notion that the activation in the pITS corresponds to area EBA, and that in pFG to area FBA. Our results further clarify the role of these body areas in biological motion processing in three important ways (Fig. 10 A) . First, both EBA and FBA integrate shape and motion cues (experiment 1), a finding consistent with the interdependencies between the cues (Troje, 2002) . Second, the relative importance of kinematics and configuration differs between EBA and FBA. EBA emphasizes kinematics, not surprising given its location near the hMT/V5ϩ complex (Downing et al., 2001) , whereas FBA emphasizes configuration, in keeping with its vicinity to object-and faceselective cortex (Spiridon et al., 2006) . Third, the processing in EBA and FBA is mostly automatic given the fact that they were activated during passive observation, unlike pSTS or frontal regions that became active when subjects performed a one-back task. However, the complexity of the motion as well as task instructions modulated the processing of biological kinematics in both body areas (experiment 2). Together, our findings clearly suggest that both body areas rather than simply responding to the body shape present in the point-light walkers (Peelen et al., 2006) , integrate the different action cues, and link the portrayed action with the body. Indeed, actions such as locomotion are characteristic of the human body, and neurons in these regions might be selective for both bodies and locomotion. Alternatively, it may be computationally efficient to juxtapose neurons processing the shape of articulated objects and actions.
The posterior STS
Classical biological motion experiments viewed the pSTS as an area primarily involved in the general processing of articulated human movements (Vaina et al., 2001; Beauchamp et al., 2002; Grossman and Blake, 2002; Pyles et al., 2007) . Studies of social neuroscience, however, have emphasized the role of the pSTS region in social perception. Moving geometric shapes depicting complex social interactions activate this area more strongly than animations depicting inanimate motion (Castelli et al., 2000; Schultz et al., 2004) . Moreover, Saxe et al. (2004) presented the identical visual action in different contexts, with the result that activation in pSTS depended on the inferred intentions of the actor. Similar results were also reported in several other studies (Pelphrey et al., 2003a (Pelphrey et al., , 2004 Grèzes et al., 2004) . This led to the seemingly contradictory interpretation that pSTS is not involved in the processing of articulated movements per se, but in the perception of intentional actions and social interactions.
Our results provide an important step forward in resolving these apparent contradictions. Experiment 2 showed that articulated human movements indeed activate pSTS. However, scrambled biological motion (generally used as control condition in classical biological motion experiments) also evokes stronger activation in the pSTS than the full translational motion condition. Both effects become evident only when subjects are instructed to judge whether the stimuli presented in succession are the same or different (Fig. 7) . That is, when the motion of the individual dots becomes behaviorally relevant. When we interpret the movements and intentions of others, the specific kinematics of their movements is of utmost importance. Therefore, we propose that activation in EBA and FBA signal articulated human movements per se. These signals can then be further processed for identification and/or classification as visual events, just as visual objects and scenes are. However, temporal areas like the pSTS become involved when a more detailed analysis of the action, especially its kinematics, has to be performed. Nevertheless, the congruent presentation of the human shape adds to the activation of pSTS. Even though the engagement of the subjects in a one-back task might add an attentional component, this is unlikely to explain completely the differential response in the pSTS, because areas located at a similar hierarchy level, like the FBA, do not show a significant task effect.
Our experiments suggest that one destination of the biological motion signals processed in the occipito-temporal cortex is the lower frontal cortex. This is in agreement with known connections between frontal areas and the upper bank of the STS in the monkey (Padberg et al., 2003 ) (see also next paragraph). For other classes of actions (Jastorff et al., 2007) , the parieto-frontal circuits of action observation that feed into the mirror system (Rizzolatti and Craighero, 2004) are an additional destination.
Comparison with monkey studies fMRI studies in the awake macaque monkeys have revealed a partial overlap between the processing of shapes and human actions. Nelissen et al. (2006) reported that, although areas in the upper and lower banks of the monkey STS responded selectively to hand actions, only areas in the lower bank in front of MT/V5 preferred intact shapes over their scrambled counterparts (Denys et al., 2004; Nelissen et al., 2006) . This closely resembles findings from human fMRI experiments, in which ventral temporal areas, but not the posterior STS, respond selectively to intact objects (Malach et al., 1995; Grill-Spector et al., 1998; Kourtzi and Kanwisher, 2000; Grossman and Blake, 2002) . Likewise, ventral temporal areas and pSTS respond selectively to the presentation of human actions (Iacoboni et al., 2001; Grèzes et al., 2003; Pelphrey et al., 2005; Cross et al., 2006) . This suggests that, beyond the MT/V5 complex, which in monkeys is located in the posterior part of the STS and in humans in pITS, the middle and rostral part of the upper and lower banks of monkey STS are functionally similar to human pSTS and to human pITG and mid-FG, respectively (Fig. 10 B) .
Single-cell studies have repeatedly shown that neurons in the upper bank of the rostral STS (area STP) of the macaque respond to biological movements (Oram and Perrett, 1994) . However, neurons in the lower bank of the rostral STS, which is part of IT, have also been shown to respond selectively to hand actions and human locomotion (Barraclough et al., 2006) . In a recent study, Vangeneugden et al. (2009) have investigated the contribution of neurons in both banks of the STS (middle and anterior part) to the processing of human actions presented as stick figures. They reported two main categories of neurons, motion neurons and snapshot neurons. Motion neurons, mainly confined to the fundus and the upper bank of the STS, responded well to the movement sequence, but less so to translating snapshots taken from the same movies. Interestingly, many neurons continued to respond, even when the number of joints presented was reduced. Snapshot neurons, however, located in the lower bank of the STS and the lateral convexity of IT, responded equally well to the action movies and to the presentation of static snapshots.
These results are in close correspondence with our findings, indicating an anatomical segregation between shape and motion processing for point-light displays in the human brain. Experiment 1 showed similar activations in pITG and mid-FG for the full body moving with biological kinematics or simply translating. In contrast, pITS, pMTG, pSTS, and pSTG responded well to biological kinematics, even if the spatial relationship between the points was destroyed. This similarity supports a possible homology between the anterior two-thirds of lower and upper bank of the macaque STS and the ventral temporal cortex of the human (pITG and mid-FG) and the stretch of cortex surrounding the pSTS, respectively (Fig. 10 B) .
In conclusion, our study provides the first evidence that the initial stage in visual analysis of human movements, in which the body of the actor becomes linked to the action that he performs, occurs earlier in the visual hierarchy than was previously thought, namely in the EBA and the FBA. Activation of these areas might be sufficient for the automatic processing of human actions. Furthermore, our findings advance our understanding of the role of the dorsal posterior temporal cortex, linking results from classical biological motion experiments with findings from social neuroscience.
